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Abstract
Excess sediment and associated phosphorus contribute to poor water quality and induce harmful
algal blooms in freshwater lakes, including Lake Champlain. Floodplains can slow flood waters
and create a depositional environment for sediment and nutrients, reducing downstream fluxes.
The capacity of floodplains to capture sediment and nutrients is poorly understood in the Lake
Champlain Basin (LCB), limiting the efficacy of remediation work to reduce phosphorus loads.
This project assisted with recent work that measured deposition on well-connected floodplains.
This part of the project focused on characterization of flood-deposited sediments and evaluation
of the controls on measured variability in sediment deposition on selected flood events in 2019
using a classification of geomorphic controls. These classifications represent differences in
depositional processes. Floodplain sediment samples from 20 sites across Vermont were
analyzed for mass, total phosphorus, and particle size. Floodplain sites were classified by
specific stream power. Plots within each site were classified by local geomorphic features. These
analyses were used to describe how the depositional setting relates to sediment, phosphorus, and
particle size measured at the study sites. We found that medium energy floodplains (class B) had
higher rates of sediment and total phosphorus (TP) deposition than low energy floodplains (class
C). We also identified trends in sediment and TP deposition within sites, describing patterns
associated with elevation profiles, distance from channel, and floodplain feature units. Results of
this work will contribute to an improved understanding of how floodplains interact with rivertransported sediment and associated nutrients during floods.
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Introduction
Water pollution has increased in the past century in the U.S. and around the world (Carpenter et
al., 1998, Walling, 1983). Half of all river miles in the U.S. exceed federal pollution regulations
(Keiser and Shapiro, 2018). Excess nutrients cause eutrophication, which is the leading cause of
water impairment by surface water area. Sediment also plays a key role in water degradation.
Excess sediment directly harms biota and influences the public perception of water quality (Noe
et al. 2020). Contaminants and nutrients also sorb to sediment. Land use and management
practices often lead to large sediment loads, leaving lasting effects on channel and floodplain
morphology and water quality.

Traditional approaches to improve water quality are often resource-intensive to implement and
maintain. Nature-based solutions leverage the natural functioning of riparian wetlands and
floodplains, making water quality goals more attainable, and providing co-benefits such as
improved habitat and increased flood resiliency. Naturally occurring wetlands and floodplains
trap and store sediment and associated nutrients (Noe and Hupp, 2009). Phosphorus sorbs to
sediment, so understanding sediment dynamics is important in watersheds with poor quality due
to excess phosphorus (Carpenter et al., 1998). Floodplains slow flow velocities, creating an
environment where sediment and sediment-bound nutrients are deposited. As a buffer,
floodplains protect urban and agricultural land from flood waters (Ross et al., 2004). Floodplains
are effective at regulating river flows, pollution, storing sediment, nutrients, and pollutants, and
are self-maintaining under the right morphological conditions. Because of this, there is a growing
interest in investing in restoration and conservation of floodplains and wetlands. Yet there is a
lack of data on floodplain function in Vermont and their capacity to trap sediment and
phosphorus, making it difficult to effectively prioritize and evaluate improvement projects.

Sediment transport processes
Floodplains are an important feature of river corridors that connect aquatic and terrestrial
ecosystems. They are commonly defined as land adjacent to river channels formed by the
modern hydrologic regime that is periodically inundated. Active floodplains generally flood
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every one to two years on average (Bridge, 2009). Junk et al. (1989) further specify that
floodplains include the areas that have characteristic morphological and ecological structures.

The quantity of sediment deposited on floodplains varies greatly between and within floodplains
(Pizzuto 2016; Asselman and Middlekoop, 1995). Within floodplains, sedimentation decreases
with distance from the channel as does particle size of the deposited sediment. Sediment can be
transported onto floodplains as suspended load or bedload (Asselman and Middlekoop 1995).
Floodplain sedimentation patterns are controlled in part by the availability of sediment and
inundation frequency and periodicity at a site. Locally, floodplain sedimentation is controlled by
characteristics that influence water flow like topography, vegetation presence and type, distance
from channel, and presence of man-made structures or land modifications. As flood waters
access floodplains, flow velocities decrease, and transported sediment drops out of suspension or
transport. More sediment is deposited close to the channel due to this rapid deceleration, a
pattern that is especially evident in coarser sediment fractions transported as bedload (Pizzuto,
1987; Ross et al., 2004). Finer particles are transported as suspended load via advection and
diffusion and move further into the floodplain (Pizzuto et al 2008). Fine particle sedimentation
has been found to remain relatively constant with distance from the channel (Middlekoop and
Asselman, 1998). Sedimentation is greatest on floodplain features where flood flows rapidly
decelerate. These features include levees, sloughs, edges of accessory channels, and oxbows
(Bridge, 2009, Pizzuto, 2016; Asselman and Middlekoop, 1995). Areas with lower rates of
deposition tend to be farther from the channel and on elevated surfaces within the floodplain.
Deposition patterns can also change from one flood event to another, and within a single event
(Pizzuto et al., 2008). Pizzuto et al. (2008) found there to be a temporal signature within each
flood event layer on a natural levee, indicating that early stages of flooding only brought fine
sediment as only the top of the water column accessed the floodplain. Then during peak stages of
flooding, when the water levels were higher, sand and larger particles were moved onto the
floodplain as flows carrying bedload accessed the floodplain.

Watershed-scale controls determine the availability of sediment being transported and flow
conditions (Ross et al., 2004) and thus influence between-floodplain variability. These controls
include upstream land use, soil type, and catchment area (Walling, 1983). Sediment delivery
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processes are highly dependent on watershed characteristics, local features, and flood event
characteristics. Because these variables interact to create unique conditions, there is no single
equation to describe and predict sediment deposition and transport.

Geomorphic classification
Classification is a useful tool that can capture the complexity of fluvial processes. Several
classification systems have been devised to describe floodplains (Nanson and Croke 1992;
Brierly and Fryirs, 2005 Phillips and Desloges, 2015). Fluvial classification systems are useful as
a standard for communicating across disciplines, informing effective management and
restoration strategies, and communicating the form-process paradigm (Swinnen et al., 2019;
Buffington and Montgomery, 2013). Early classifications of floodplains separated floodplains
created by vertical versus lateral accretion (Melton, 1936). Nanson and Croke (1992) use
floodplain sediment particle size and specific stream power, the amount of work a river may do
per unit width, to assign a class that describes an entire floodplain. These systems used
morphological characteristics that are reflective of the depositional processes that occur on
floodplains. The Nanson and Croke floodplain types can be divided into high, medium, and low
energy conditions based on the specific stream power of the commonly occurring flood. These
floodplain classifications rely on applying the understanding of well-studied in-channel transport
and deposition processes to quantify on-floodplain processes. The categories described by
Nanson and Croke are not exclusive to certain floodplain types, but rather are representative of
the dominant processes occurring on a floodplain. High energy floodplains are typically
associated with steep and confined channels and composed of non-cohesive, coarse-grained
sediments. Unconfined, medium energy floodplains have moderate to low slopes and consist of
silt to gravel particles, and low energy floodplains have low slopes and fine-grained sediment.

Floodplains have highly variable morphology that is representative of the variety of depositional
processes occurring. Distinct topographic and geomorphic features include ridges, swales,
floodplain channels, and oxbow lakes (Kaase and Kupfer, 2016). These features are all places
where flow is disturbed, influencing the amount of sediment deposited. Lewin et al. (2016) use a
local feature classification system to identify forms with different deposition processes
distributed throughout a floodplain. These forms are broadly grouped into three categories:
7

mainstream sediments, secondary linear systems, and prior form following. These features fit
into broader, floodplain-scale classification schemes because floodplain morphologies reflect
river processes (Buffington and Montgomery, 2013).

Classifications aim to capture process based on similar form and they have been used by other
studies to characterize different rates of sediment deposition and storage. Swinnen et al. (2019)
found that using the geomorphic floodplain classification system developed by Nanson and
Croke (1992) helped explain the variability in sediment storage on a floodplain scale and that it
was most effective when paired with linear regression models that incorporated other catchment
and reach characteristics. Kaase and Kupfer (2016) found that the use of four geomorphic
position categories to describe floodplain sedimentation aligned with theoretical patterns based
on general laws of flooding. Both sediment quantity and particle size decreased with greater
distance from the channel but were also affected by geomorphic position.

Water quality degradation and floodplain function in Vermont
Lake Champlain has a history of water pollution intensified by the high watershed area to lakevolume ratio (Winslow, 2016). Vermont watersheds draining to Lake Champlain contribute
higher pollution loads than watersheds in New York (U.S. Environmental Protection Agency,
2016). The disparity in pollution concentration from the two sides of the lake is due to higher
populations and different land use histories. Forests of Vermont were clear cut by the late 1800s,
resulting in watershed-scale erosion of sediment into rivers (Kline, 2010). By 1902 the Vermont
Fish and Game Commission reported that river sediment was in such excess that fishing
populations declined (Bushnell, 2018). As river channels adjusted to the additional sediment,
they incised and many lost access to their historic floodplains, giving rivers few places to deposit
sediment. Removal of in-channel debris and attempts to construct straight channels have further
contributed to incised and entrenched channels, further reduction in sediment deposition areas,
and increased sediment transport to the lake. Additionally, deforested land was farmed in
Vermont before much of it was reforested, leading to additional erosion of sediment from the
landscape (Winslow, 2016). These farming practices in the 20th century also contributed large
loads of phosphorus to the rivers, far exceeding natural contributions.
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Excess phosphorus is the primary water quality concern in the Lake Champlain Basin. As a
limiting nutrient for algae, it can cause eutrophication when present in excess. Phosphorus
originates naturally in low quantities bound to minerals in the form of phosphate (Bowden,
2016). Artificial sources of phosphorus include fertilizer and manure. Unlike other nutrients that
occur in the environment, it does not have a gaseous form, and is only effectively removed from
an ecosystem through the long-term storage in fluvial sediment (Lammers and Bledsoe, 2017;
Records et al., 2016). This presents a unique problem. Phosphorus that has entered the Lake
Champlain Basin is still present in lake sediments and has the potential to become bioavailable.
Less than a quarter of total phosphorus (TP) in streambanks is bioavailable, and the remainder is
stored sorbed to sediment or in the form of organic matter (Lammers and Bledsoe, 2017).
Despite reforestation across much of Vermont, legacy sediments stored in the banks of incised
rivers pose the risk of remobilization especially as channels continue to adjust (Schenk et al.,
2013). The predictable stages of channel adjustment following incision include widening by
collapse of over-steepened banks, contributing large volumes of sediment back into rivers
(Langendoen and Simon, 2012). Extreme events in the Lake Champlain Basin are becoming
more frequent (Dalton et al. 2015) and play a large role in destabilizing channel margins and
contributing sediment and phosphorus loads to Vermont rivers (Ross et al., 2019). Phosphorus
enters Vermont river systems through runoff from roads (Wemple, 2016), unstable streambanks
(Kline, 2016; Langendoen and Simon, 2012), and agricultural fields. Over twenty percent of
phosphorus that reaches Lake Champlain ultimately enters rivers through streambank erosion
(Bowden, 2016).

Vermont has put total maximum daily loads (TMDLs) for phosphorus into place for each
segment of Lake Champlain (U.S. Environmental Protection Agency, 2016). Plans to meet
TMDL goals for phosphorus reduction include mitigating agricultural and road runoff,
implementing river corridor management, and restoring wetlands as key actions (Smeltzer,
2016). Efforts to improve water quality have inspired the valuation of green infrastructure in
Vermont as a management tool. For example, Watson et al (2016) calculated that floodplains and
wetlands along Otter Creek have been valued at over $100,000 in annual flood mitigation
services (Watson, 2016). Hydraulic models of the Lewis Creek watershed demonstrate the value
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of floodplains for flood mitigation, where the cost of restoring wetlands was outweighed by the
benefits they would provide (Gourevitch et al., 2020). These valuation analyses account for the
massive costs of flood damage as the most immediate benefit of floodplain restoration. In
addition to flood mitigation, floodplain restoration could simultaneously improve water quality
by reducing sediment and associated phosphorus loading into Lake Champlain. Understanding
sediment dynamics on floodplains, which have great potential for sediment trapping, can be an
efficient tool for management and valuation of phosphorus stored in floodplains in the Lake
Champlain Basin.

Geomorphic classification of floodplains has been an effective method to estimate sediment and
nutrient storage in other regions (Swinnen et al. 2019; Lewin et al. 2016). There is currently a
lack of data on how much sediment and phosphorus is deposited on floodplains and the type of
controls on these processes in the Lake Champlain Basin. This project addresses this need by
classifying floodplains in the Vermont portion of the Lake Champlain Basin to assess sediment
and TP deposition on a geographically diverse group of sites. Classification tools have been an
effective tool to describe variability in deposition (Kaase and Kupfer, 2016) and storage
(Swinnen et al., 2019) on a range of scales. The floodplain classifications in this study address
factors that influence sediment and total phosphorus deposition patterns on the floodplain and
local scale. These findings will aid in the identification of floodplain features with potential for
conservation and restoration based on their ability to trap and store sediment and associated
nutrients.

Objectives
The objective of this thesis was to use classification to assess sediment and phosphorus
deposition on floodplains in the Vermont portion of the Lake Champlain Basin.
This thesis project was designed to:
•

Measure and characterize sediment and phosphorus deposition

•

Classify floodplain sites and local features within each site based on geomorphic form
and process
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•

Evaluate relationships between geomorphic units and sediment deposition rate, TP
concentration, and particle size of flood-deposited sediment

Methods
To meet the goal of measuring floodplain deposition and evaluating geomorphic controls on
measured variability, I first collected and analyzed floodplain sediment samples from sites
distributed throughout the Lake Champlain Basin in Vermont after the November 2019 floods. I
then calculated specific stream power to classify floodplain sites at each site based on the type of
depositional setting and classified individual floodplain units based on topographic indicators to
evaluate local variability in deposition. I evaluated differences in sediment and phosphorus
deposition characteristics among the different settings based on classified floodplain site and
local unit classification.

Sites
Twenty-four floodplain study sites were selected to be geographically dispersed throughout Lake
Champlain’s major drainage basins in Vermont (Fig. 1, Table 1). Sites were selected in
consultation with local stakeholders including the Nature Conservancy, Vermont Land Trust, and
the Vermont Natural Resources Conservation Service. Site locations extend from the headwaters
to the lake and represent an environmental gradient across a range of geologies, slope-drainage
area relationships (Fig. 1), and land uses. Sites were selected to be on well-connected floodplains
and were generally in unconfined channels where deposition was likely to occur within a
relatively short time period. More information on these sites may be found in Diehl et al.
(2021b).
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Figure 1: Map of floodplain sites (n=20) in the Vermont portion of the Lake Champlain
Basin. Inset shows the slope-drainage area relationship at each site on a log-log plot.
“B”and “C” symbology indicates floodplain energy class.
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Table 1: Floodplain site summary for the 20 study sites included in the following analyses. See
Diehl et al. (2021b) for more information on these study sites.

Site

Easting

Northing

River

HUC8
Watershed

Atlas
Browns
Cota Fields
EPSCoR Hungerford
Green Mountain College
Howe
Howrigan
Idletyme
Jericho Settlers Farm
Lareau
Lemon Fair
McKenzie
North Troy
Otter WMA
Parent Farm
Ryder
Saunders
Stockman
Trout River
Wolcott

489228.347
459561.505
455025.674
457889.928
439565.412
470489.845
469126.865
482824.907
458130.254
473317.504
440038.155
443123.364
508721.003
460261.89
470822.251
496975.234
452398.064
484501.387
484783.157
501623.741

250686.283
222157.955
193840.792
266072.165
113077.338
254808.769
255747.803
219267.711
218629.822
186305.593
166026.359
223499.196
276013.775
95925.0362
267661.224
229750.964
178845.863
275861.94
269747.974
228062.207

N. Branch Lamoille
Browns
Lewis Creek
Hungerford Brook trib.
Poultney
Black Creek
Black Creek
W. Branch Little River
Winooski
Mad
Lemon Fair
Winooski
North Troy
Otter Creek
Missisquoi
Lamoille
New Haven
Missisquoi
Trout River
Lamoille

Lamoille
Lamoille
Lewis
Missisquoi
Poultney
Missisquoi
Missisquoi
Winooski
Winooski
Winooski
Otter
Winooski
Missisquoi
Otter
Missisquoi
Lamoille
Otter
Missisquoi
Missisquoi
Lamoille

Specific
Stream
Power
(W m-2)
1.86
43.64
48.54
5.02
62.48
4.49
8.43
136.96
15.88
37.20
0.76
3.42
10.18
43.78
0.81
39.80
83.30
64.58
67.79
5.90

Data collection
Each floodplain site had between three and twelve sedimentation monitoring plots. Each plot
consisted of four plastic turf pads (15 by 15 cm) stapled into the ground one meter from the
center point pole, which served as a surface marker.

Twenty sites were inundated by floods in November 2019 and resulted in measurable deposition
at 126 plots. Two sites, Cota and Saunders, were also inundated in June and October 2019. Data
from the June and October floods were included in spatially interpolated site averages of total
phosphorus (TP) concentration, TP deposition rates, and sedimentation rates, but not used for
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Floodplain
Class
C
B
B
C
B
C
C
B
B
B
C
C
C
B
C
B
B
B
B
C

analyses at the plot scale. Upon collection, the depth of sediment on the pads was measured
along the midpoint of the pad. Pads were collected along with any sediment that had been
deposited on top of the turf. Plot coordinates were collected using an Emlid Reach RS2 GPS unit
and ArcCollector mobile app at study sites.

Laboratory analysis
I analyzed sediment samples in the Agricultural and Environmental Testing Lab (AETL) at the
University of Vermont. Sediment samples were dried in an oven until their weight was within
5% of their previous weight to ensure that they were fully dry. Turf pads were removed from the
samples and the sediment was sieved through a No. 10 (2.00 mm) sieve.

To measure total phosphorus (TP), sediment subsamples from two pads per plot were combined
in equal volumes. To pass the entire subsample through the No. 35 (0.50 mm) sieve, they were
ground. These combined samples were digested using the hot block digest (EPA method 3050B)
and analyzed for TP using a PerkinElmer Avio 200 ICP-Optical Emission Spectroscopy.
Sediment and TP deposition rates were calculated by dividing the average sediment deposition (g
cm-2) and TP concentration (mg kg-1) of each plot by the recurrence interval of the November
2019 flood at each site (Diehl et al., 2021b).

Particle size was measured at 56 plots by combining soil samples with water and 5% Calgon
(sodium hexametaphosphate). These samples were shaken overnight (Gee and Or, 2002). I
combined the shaken samples with water to 1000 mL total. I measured the solutions’ densities
using a hydrometer after 30 seconds, 60 seconds, 6-7 hours, and 16 hours and calculated the
percent clay, silt and sand in each solution.

Data analysis
I visualized and analyzed data using Excel, SPSS Statistics, and ArcGIS Pro. To compare
differences in deposition variables between groups, I used t-tests and ANOVAs with Tukey HSD
post-hoc and tested at an alpha level of 0.05. I evaluated 1) trends associated with floodplain
units using data from individual plots and 2) trends associated with floodplain classes using site14

average values. Average sedimentation rates, TP deposition rates, and TP concentrations at each
site were calculated using spatially interpolated surfaces (Diehl et al., 2021). I analyzed nonnormally distributed data at the plot scale after a natural log transformation. To extrapolate
particle size data on the plot scale, I constructed site-specific relationships (See Table A1). For
each site, I used the particle size measured at selected plots to create a relationship with another
deposition variable that we measured at all plots from that site. These explanatory deposition
variables were used to estimate the percent fines at plots where it was not measured to calculate
site averages that were more representative of the particle size at the whole site, not just at select
plots. The particle size site averages for each site included the estimated plot values (See Table
A2).
I used specific stream power values to identify a floodplain’s class based on the Nanson and
Croke (1992) classification that delineates floodplains based on dominant depositional processes.
Specific stream power of each site was calculated using the following equation (Bull, 1979):
𝜔 = (𝛾𝑄𝑆)/𝑊
𝜔 = specific stream power (W m-2)
𝛾= specific weight of water (N m-3)
Q = peak discharge at 2 yr flood (m3 s-1) from StreamStats (U.S. Geological Survey, 2016)
S = in-channel slope measured from DEM
W = channel width at bankfull flow conditions (m) measured from HAND layer

Sites with specific stream powers greater than approximately 10 W m-2 and below 300 W m-2
were assigned class B, medium energy floodplains, and sites with specific stream powers below
approximately 10 W m-2 were assigned class C, low energy floodplains.

Average elevation profiles of each site were compiled in ArcGIS Pro by extracting Height Above
Nearest Drainage (HAND) elevations to points. HAND maps are derived from DEM layers and
are used to identify inundation zone on each floodplain site based on flood magnitude (Diehl et
al. 2020a). Using HAND layers for average elevation profiles allowed for normalized elevations
15

between transects within a floodplain and between floodplain sites. Point elevations were
extracted for an equal number of intervals on each transect, whose distance from the channel was
determined based on the distance between the channel bank and the edge of the 100-year
floodplain. Profiles were measured along transects that intersected each plot. Elevations at each
interval were averaged between the transects to produce a site-wide average elevation profile.
For example, elevations for all points that were halfway between the channel bank and edge of
floodplain were averaged.

I modified Lewin et al. (2016) to classify local floodplain features, referencing Kaase and Kupfer
(2016), Buffington and Montgomery (2013), and Swinnen et al. (2019) to capture the types of
landforms observed on Vermont’s floodplains. I identified the type of unit at which each plot
was located by referencing digital elevation models (DEMs), elevation profiles, and aerial
imagery (Table 2, Fig. 2). I took a nested approach to classification, first splitting all features
based on two group classes, channel margin and prior form following. Channel margin features
represent features where sedimentation occurs from flood flows a short distance from the
channel. Prior form following is a term derived from Lewin et al. (2016) to describe floodplain
topography that is a result of previous river flow configurations. Within each group, I identified
3-4 sub-types. The channel margin group included features close to the main channel, or within
approximately one channel width. Sub-types within the channel margin group were developing
floodplain, levee, and unspecified. The prior form following group represents floodplain units
features where bedload transport from the channel is likely not the dominant deposition process.
These features are outside of approximately one channel width and have distinct morphology.
The sub-types of the prior form following units were ridges and swales from former channel
pathways, abandoned channel forms that are no longer connected to the main channel,
and diffuse overbank spread.
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Table 2: Classification system for floodplain features on the plot scale. See also Fig. 2.
Group

Sub-type

Channel
Margin

Developing
floodplain
Levee
Unspecified
Ridge

Prior form
following

Swale
Abandoned channel
Diffuse overbank
spread

Characteristics
Features such as bars, islands, and benches that are actively
aggrading. Close to channel and lower elevation than main
floodplain
Raised feature parallel to channel
Within approximately one channel width
Raised feature outside of approximately one channel width,
associated with a swale
Lower feature outside of approximately one channel width,
associated with a ridge
Former flow path that is no longer connected to main channel
under normal flow conditions
General sub-type, outside of approximately one channel width
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Figure 1: Conceptual river diagram of plot-scale floodplain unit classification system created
for this study. Dark green represents the extent of the channel margin. See also Table 2.
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Results
The November 1, 2019 storm event flooded 20 of the 24 floodplain sites with recurrence
intervals ranging between 1.4 years at Green Mountain College on the Poultney River to 126
years at Atlas on the North Branch Lamoille River (Table 3, Table 4; Diehl et al. 2021b). The
mean site-average sedimentation and TP deposition rates were 1.68 kg m-2 yr-1 and 1.21 g m-2 yr1

respectively (Table 4). The greatest sedimentation and TP deposition rates were at Browns and

Cota Fields, while the highest average TP concentrations of 1157.05 and 1270.54 mg kg-1 were at
EPSCoR Hungerford and Lemon Fair. Specific stream power of the sites ranged from 0.76 W m2

at Lemon Fair to 136.96 W m-2 at Idletyme (Table 1). All sites fell into the B and C categories

having medium and low specific stream power, respectively. Eleven sites were class B and nine
sites were class C (Fig. 1, Table 1). No sites in this study were classified as having high specific
stream power (> 300 W m-2).

Table 3: Summary statistics of key sediment, TP, and floodplain metrics for sites and plots
included in the study.
Sediment property
Plot
Field Measured Depth (cm)
Sediment Deposition (g cm-2)
Sedimentation Rate (kg m-2 yr-1)
TP Deposition Rate (g m-2 yr-1)
TP Concentration (mg kg-1)
Percent Fines
Site
Sedimentation Rate (kg m-2 yr-1)
TP Deposition Rate (g m-2 yr-1)
TP Concentration (mg kg-1)
Percent Fines
Floodplain metric
Specific stream power
Flood Recurrence Interval

Mean

SD

Median

Min.

Max.

2.63
1.97
1.68
1.21
747.97
49.12

2.85
2.35
2.14
1.55
197.43
23.65

1.68
1.06
0.73
0.52
717.83
48.20

0.04
0.05
0.00
0.00
425.97
5.50

12.94
16.22
10.97
8.07
1505.70
97.00

1.38
0.97
769.50
48.95

1.45
0.98
178.91
15.63

0.74
0.53
682.47
49.63

0.04
0.02
566.91
22.45

4.48
3.25
1270.54
82.62

34.24
29.30

35.97
38.25

26.54
15.15

0.76
1.40

136.96
130.00
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Table 4: Floodplain site summary of flood metrics from events included in the study. Deposition
variables are expressed as site averages. Flood recurrence intervals are reflective of the
magnitude of the November 2019 event at each site.

Site

Average
Sedimentation
rate1 (kg m-2 yr-1)

Average TP
rate1
(g m-2 yr-1)

Atlas
Browns
Cota Fields4
EPSCoR Hungerford
Green Mountain College
Howe
Howrigan
Idletyme
Jericho Settlers Farm
Lareau
Lemon Fair
McKenzie
North Troy
Otter WMA
Parent Farm
Ryder
Saunders5
Stockman
Trout River
Wolcott

0.04
4.48
4.34
0.16
2.13
0.25
0.60
1.62
0.75
3.44
0.50
0.85
0.10
3.13
0.65
0.23
2.57
0.78
0.72
0.26

0.02
3.25
2.97
0.19
1.34
0.23
0.51
1.48
0.54
2.15
0.59
0.64
0.06
2.05
0.43
0.15
1.71
0.52
0.46
0.12

Average TP
Concentration1
(mg kg-1)
566.91
775.66
667.47
1157.05
686.05
837.59
854.52
857.41
793.76
639.00
1270.54
864.16
626.17
606.43
839.60
675.86
660.27
666.95
665.60
678.89

Average
Percent
Fines2
31
32
46
66
49
50
42
22
56
49
73
61
54
53
42
83
24
59
34
54

Flood
RI3
126
8.8
7.6
26
1.4
30.5
30.5
9.1
6.3
6.7
3.7
6.5
130
1.6
28.4
29.6
3.4
29.4
79.3
21.2

1

Spatial average from interpolated surface (Diehl et al. 2021b)
Average includes estimated percent fines
3 Recurrence intervals of November 2019 flood events (Diehl et al. 2021b) for which deposited sediment was
analyzed for this study
4
Sedimentation rate, TP rate, and TP concentration spatial averages include sediment samples from October 2019
flood event
5
Sedimentation rate, TP rate, and TP concentration spatial averages include sediment samples from June and
October 2019 flood events
2
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Figure 2: Linear regression between percent fines and TP concentration in plot-scale flood
deposited sediment. There is no relationship between percent fines and TP concentration (p =
0.15).

Fines ranged from 5.6 % at Parent Farm plot 03 on the Missisquoi River to 94.5% at Ryder plot
03 on the Lamoille River. Percent fines (silt+clay) did not have a relationship with TP
concentration (Fig. 3, p=0.15), nor did percent clay (p=0.19) or silt (p=0.78) when tested
independently.

Medium energy floodplain plots had higher rates of sediment (p<0.001) and TP (p=0.003)
deposition than low energy floodplain plots (Fig. 4). Sediment particle size and TP concentration
did not significantly differ between floodplain classes (Fig. 4).
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Figure 3: Site average comparisons between B (medium-energy) and C (low-energy) class
floodplains. “X” indicates mean, whiskers represent the minimum and maximum extent of the
lowest and highest quartiles. Outliers are values outside of 1.5(Inter-quartile range).

Prior form plots had lower rates of sediment and TP deposition and were located further away
from the channel than river margin plots (Fig. 5 & 6). These plot classes differed significantly in
mean sedimentation rates (p<0.001), TP deposition rates (p<0.001), and percent fines (p<0.001).
Prior form and river margin plots did not differ significantly in mean TP concentration.
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Figure 4: Plot average comparisons of deposition variables between channel margin and prior
form floodplain units. “X” indicates mean, whiskers represent the minimum and maximum extent
of the lowest and highest quartiles. Outliers are values outside of 1.5(Inter-quartile range).
Sediment and TP deposition rates at class B river margins differed significantly from prior forms
on B and C floodplains and river margins at C class floodplains (Table 5 & Fig. 5). Sediment and
TP deposition rates increase with distance from the channel throughout the channel margin (Fig.
5 & 6). Beyond the channel margin, sediment and TP deposition rates decrease with distance
from channel (Fig. 6). These trends are visible on features of both B and C floodplains where B
floodplain units have higher deposition rates than C floodplain units. Percent fines at class C
prior forms differed significantly from river margins at class B (p=0.002) and C (p=0.009)
floodplains (Table 5). TP concentration did not differ significantly between the two groups at B
and C floodplains.
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Table 5: Statistical results for comparison of multiple means using plot-scale deposition
variables. Bolded rows indicate statistically significant differences.

Variable

Unit 1

Sedimentation rate
(kg m-2 yr-1)

River margin B

TP deposition rate
(g m-2 yr-1)

River margin B

Percent fines

River margin B

TP concentration
(mg kg-1)

River margin B

Unit 2

Prior form B
Prior form C
River margin C
Prior form B
Prior form C
River margin C
Prior form B
Prior form C
River margin C
Prior form B
Prior form C
River margin C

Mean
Std.
difference
error
(1-2)
1.26
2.22
1.24
1.21
2.08
1.19
-11.94
22.02
-1.03
-0.05
-0.14
-0.08

0.33
0.36
0.31
0.34
0.37
0.32
5.52
6.07
5.15
0.06
0.06
0.05

Sig.

0.001
<0.001
0.001
0.003
<0.001
0.002
0.139
0.002
0.997
0.811
0.863
0.121
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Figure 5: Average normalized distance from channel (Actual distance (m)/Channel width (m))
and TP deposition rates of floodplain unit sub-types on B and C class floodplains. Points
represent the mean distance and TP deposition rate. Error bars represent standard error. Gray
line represents a qualitative assessment of deposition trends within B floodplain class units and
blue line represents a qualitative assessment of deposition trends within C class floodplain units.

Trends were visible in sediment and TP deposition between plot features within floodplain sites.
Deposition increased with distance from the channel throughout the channel margin and
decreased with distance from the channel outside of the channel margin (Fig. 6). Sediment
deposition patterns decreased with distance from the channel. TP concentrations at many sites
mirrored topography and increased with distance from the channel (Fig. 7). These patterns were
not apparent at every site (See Appendix Figs. A1, A2.1, & A2.2).
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Figure 6: Average elevation profiles along transects perpendicular channel through a class B
floodplain site (Ryder) and class C floodplain (North Troy). Distance from channel is
represented by the percent of the distance between the channel edge and the edge of the 100-year
floodplain.
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Discussion
Sediment and TP deposition rates measured on floodplains in Vermont differ based on the
floodplain type (i.e., B vs C floodplains, Nanson and Croke ,1992) because these classifications
are representative of different energy and depositional settings. Deposition on medium energy
floodplains had a wider range of magnitudes, which does align with our understanding of B
floodplains as being highly dynamic (Nanson and Croke ,1992). In contrast to Swinnen et al.
(2019) I found clear differences in deposition between B and C floodplains. Their study may
have different results because it was in a region with different vegetation, soil type, and glacial
history than Vermont. Swinnen et al. (2019) also parsed the data into multiple sub-groups within
each class and found large within-class variability. Additionally, while Swinnen measured
sediment storage over many years, our study focused on event-scale deposition.

Differences in stream power between B and C floodplains likely explains differences in both the
magnitude and pattern of annual deposition. Larger stream power values are indicative of the
capacity to transport coarser bed material, which are often associated with thicker deposits.
Similarly, velocities are greater closer to the channel margin than further away and differences in
velocities in the two types of floodplain units (channel margin and prior form following) likely
explain the depositional patterns observed. Within each floodplain site, the forms closest to the
channel are the locations with the highest flow velocity gradient (Pizzuto et al., 2008). This is
where flood flow velocity rapidly slows and there is a sudden loss of energy. This creates a
setting where coarser particles that were being transported as bedload are dropped from transport
and deposited on floodplain. Phosphorus is associated with sediment deposition, especially fine
particles (Lammers and Bledsoe, 2017) because of their high surface area to volume ratio (River
and Richardson, 2018), but the concentration is also a function of the type of clay (Lammers and
Bledsoe, 2017). In our study, however, we found no relationship between silt and clay and TP
concentration. This is because of the narrow range of measured TP concentrations which is likely
a result of organic matter included in TP laboratory analysis.

In the floodplain sediment deposits analyzed for this study, the amount of sediment deposited
seems to be controlling the TP deposited, with only a small influence from the concentration of
TP within the sediment. TP deposition rates were higher at river margins, where sedimentation
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rates were also high. TP concentrations were comparable at river margin and prior form features
and had low variability overall.
Although this study provides the first dataset of its kind in the Lake Champlain Basin, limitations
and uncertainties exist. Floodplain plots were not evenly distributed at every site and may not be
representative of sedimentation at the whole floodplain site. At some sites it was clear from the
elevation profiles that the plots did not cover the whole floodplain from the channel margin to
the edge of the 100-year floodplain (particularly Jericho Settlers Farm, North Troy, and Parent
Farm). The study often purposely located plots closer to the channel to assure inundation during
the short study period. Some of these areas were wetlands that were difficult to access for plot
set up and sediment collection. Like many floodplains in the region, some sites included working
farm fields where samples could not be preserved and collected after floods. Spatially averaged
rates help account for some of these deficiencies, but longer-term studies may try to target more
diverse topographic (i.e., further from the channel) and hydrologic settings (i.e., less frequently
inundated).

In the field, floodplain sediment samples were not collected from each site immediately after
flood because of the labor-intensive collection process and geographical distribution of the sites.
Some samples may have included organic matter in the form of fallen leaves and grasses that
were not deposited by the flood waters. These organics were included in the sediment and
phosphorus analyses if they passed through the 2 mm sieve once dried. Because we had so many
samples, we analyzed plot level data by combining subsamples from each plot. This method also
assumed that samples were thoroughly mixed and that two pads were representative of the whole
plot of four pads. As such, our methods may obscure variability in local deposition.

Because of the duration of the study (2 years) and the hydrologic conditions during that time, this
project only measured deposition during one flood event (except for two sites which encountered
additional floods). Thus, the dataset in this thesis does not capture deposition over multiple
years, nor does it account for erosion or phosphorus loss as SRP during flooding. Future work
should focus on providing a full floodplain sediment and phosphorus budget in order to
understand the retention capacity of Vermont floodplains.
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Implications
Pizzuto et al. (2014) found that fine sediment transport time from sink to source was primarily
controlled by time spent on floodplains in storage. While this project did not assess sediment
retention during subsequent floods, work from the well-studied Chesapeake Bay watershed
shows that sediment storage in floodplains from close sources is a key element of longer-term
transport. Sediment transport velocity from source to river outlet in the mid-Atlantic region,
including time spent in storage, was 3-6 orders of magnitude slower than the channel flow
velocity (Pizzuto et al., 2014). Pizzuto et al. (2014) found that the velocity of sand transport
ranged from 0.0008 to 0.12 km yr-1. Though these patterns vary regionally, it is likely that much
of the sediment and phosphorus deposited on sites in this project has been effectively removed
from transport.

Management
Removing phosphorus from transport is an important goal for the water quality of Lake
Champlain, and it is clear that the range in sediment and phosphorus deposition varies greatly
between and within floodplain sites. The classification system described explains some of this
variability and could be useful in understanding and predicting sedimentation and phosphorus
deposition patterns.

Quantifying sediment and phosphorus on every floodplain is time consuming and costly, so
using classification could help with preliminary assessment and planning stages of floodplain
management. Floodplain classification in the Lake Champlain Basin could also be used to
identify floodplains that have potential for restoration and floodplains that are valuable to
protect. Restoration methods studied by Lammers and Bledsoe (2017) suggest that floodplain
restoration with the goal of phosphorus reduction alone is complicated but can be beneficial
overall. Riparian buffers and restored floodplains can act as sources of phosphorus even when
they are sinks for sediment and other nutrients (Lammers and Bledsoe, 2017). However, through
bank and bed stabilization, nutrient loading can be decreased in some settings.
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Knowing this, the classification system described in this project could be used to help inform
reasonable TMDL guidelines and to develop best management practices (BMPs) that can help
reach those goals. Restoration and conservation efforts should be focused on medium energy
floodplains likely to be depositional, similar to sites selected for this study, to better meet TMDL
goals. Lewin et al. (2016) also suggest that classification by mapping floodplain features could
help to “identify, track, and mitigate pollution incidents.” In Vermont, this could translate as
detailed mapping and classifications of individual floodplains targeted for restoration and
conservation to ensure that they maximize sediment and phosphorus trapping.

Future work
This project did not address the effects of floodplain vegetation on sediment and phosphorus
deposition, but it may help explain some of the measured variability (Darby, 1999; Larsen et al.
2007). A similar classification approach could be a useful way to account for the effects of
ecological activity on floodplain sedimentation. In that case, it could be beneficial to have a
measure of soluble reactive phosphorus (SRP) in flood waters to compare to TP deposits
measured from sediment.

Conclusions
This study geomorphically classified 1) floodplain sites based on valley setting, and 2)
morphological features across floodplains to assess variability in floodplain deposition. Medium
and low energy floodplains represent unconfined settings with different sediment and TP
deposition rates. Prior form and river margin unit classifications represent settings with different
sedimentation rates, TP deposition rates, and percent fines within floodplains. Results of this
work will contribute to an improved understanding of how floodplains interact with sediment
and associated nutrients during floods. Being able to classify floodplains will allow for targeted
floodplain restoration efforts that can reduce phosphorus and sediment loading in the Lake
Champlain Basin.
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Appendix
Table A1: Equations and variables used to extrapolate particle size data, where y is percent
fines.
Site

Equation

R2

Explanatory variable

Atlas
Browns
Cota Fields
EPSCoR
Hungerford
Green Mountain
College

y = -0.29x1 + 64.03
y = 1-9 x23.58
y = -0.07x1 + 79.04

y = -0.10 x2 + 123.85

0.73 x2 = TP concentration (mg/kg)

Howe

y = -0.05x1 + 64.05

0.92 x1 = Avg sample weight (g)

Howrigan

y = -0.05x1 + 64.05

0.92 x1 = Avg sample weight (g)

Idletyme

-

-

Comments

0.89 x1 = Avg sample weight (g)
0.92 x2 = TP concentration (mg/kg)
0.98 x1 = Avg sample weight (g)
-

-

-

-

Jericho Settlers
Farm

y = -0.11x3 + 91.19

Lareau

y = -14.31x4 + 85.87

1

x4 = Sediment depth (cm)

Lemon Fair

y = 0.08x1 + 69.79

1

x1 = Avg sample weight (g)

McKenzie

y = -0.06x1 + 80.78

1

x1 = Avg sample weight (g)

North Troy

y = -0.05x1 + 60.027

Otter WMA

y = 0.11x1 + 40.82

Parent Farm
Ryder
Saunders
Stockman
Trout River
Wolcott

y = -0.05x3 + 68.80
y = -0.08x1 + 99.464
y = -11ln(x4) + 37.99
y = -0.05x3 + 83.75
y = -0.007x1 + 41.46
y = 90.74e-0.003x1

% fines measured at only one
plot

Howe and Howrigan calculated
together because of site
proximity
Howe and Howrigan calculated
together because of site
proximity
All plots have measured particle
size

0.99 x3 = Avg <2mm sample weight (g)
Equation based on % fines at two
plots
Equation based on % fines at two
plots
Equation based on % fines at two
plots

0.99 x1 = Avg sample weight (g)
1
0.90
0.99
0.66
0.98
0.71
0.96

x1 = Avg sample weight (g)

Equation based on % fines at two
plots

x3 = Avg <2mm sample weight (g)
x1 = Avg sample weight (g)
x4 = Sediment depth (cm)
x3 = Avg <2mm sample weight (g)
x1 = Avg sample weight (g)
x1 = Avg sample weight (g)

35

Table A2: Comparison of percent fines site averages calculated using only measured values
versus including extrapolated values where applicable.

Site
Atlas
Browns
Cota Fields
EPSCoR Hungerford
Green Mountain College
Howe
Howrigan
Idletyme
Jericho Settlers Farm
Lareau
Lemon Fair
McKenzie
North Troy
Otter WMA
Parent Farm
Ryder
Saunders
Stockman
Trout River
Wolcott

Measured %
fines average
25.67
37.40
57.53
66.20
50.83
41.90
33.70
22.45
61.60
42.05
78.70
73.10
41.80
57.55
41.67
73.53
16.53
54.90
35.95
52.03

Extrapolated
and measured
% fines average
30.53
31.70
45.63
66.20
49.15
50.11
41.69
22.45
55.60
48.94
73.23
60.96
53.77
52.53
42.06
82.62
24.25
58.75
34.42
54.35
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Figure A1: Low energy floodplain elevation profiles Distance from channel is the percent of the
distance between the channel edge and the edge of the 100-year floodplain, with elevations taken
at every 2%.
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Figure A2.1: Medium energy floodplain elevation profiles Distance from channel is the percent
of the distance between the channel edge and the edge of the 100-year floodplain, with elevations
taken at every 2%.
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Figure A2.2: Medium energy floodplain elevation profiles Distance from channel is the percent
of the distance between the channel edge and the edge of the 100-year floodplain, with elevations
taken at every 2%.
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